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Abstract 
The components of the effective internal lateral pressure arising from the lipid headgroups and the lipid chains in bilayer membranes 
are deduced from the conditions for interfacial equilibrium and the spontaneous bending moments within the component monolayers. The 
latter are obtained from the intrinsic curvature that is deduced from X-ray diffraction measurements on the corresponding inverted 
hexagonal (H H) lipid phases. 
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The influence of lateral pressure on the activity of 
membrane nzymes, most notably phospholipases, in lipid 
monolayers i  well known [1-3]. Also, the effects of an 
applied lateral membrane tension on the conducting prop- 
erties of alamethicin ion channels in lipid bilayers [4] and 
on the hydrolytic activity of phospholipase A 2 with lipid 
vesicles [5] have been demonstrated recently. A lipid bi- 
layer membrane in its natural state, however, is tension-free 
because at equilibrium the components of the internal 
lateral pressure are exactly balanced by the interfacial 
tension arising from the exposure of hydrophobic groups at 
the polar/apolar interface [6-8]. The intemal ateral pres- 
sure in lipid membranes i  therefore not a quantity that is 
amenable to direct measurement (except for the case of 
lipid bilayer vesicles in equilibrium with lipid monolayers, 
Ref. [9]) and even less so are the constituent components 
of the internal lateral pressure. 
An interesting situation arises, however, for bilayers 
composed of phospholipids uch as phosphatidylethanol- 
amines that have a natural tendency towards spontaneous 
curvature. This spontaneous curvature is frustrated by the 
reflection symmetry of the component monolayers in a 
phospholipid bilayer but expresses itself in transitions (e.g., 
with increasing temperature) to non-lamellar phases such 
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as the inverted hexagonal (H II) phase that are composed of 
curved monolayers [10-12]. The radius of curvature of the 
resulting HII phase is found to be close to that of the 
spontaneous intrinsic curvature of the lipid assembly, c o = 
1/R  o, where R o is the intrinsic radius of curvature [12,13]. 
In a bilayer with frustrated spontaneous curvature, the 
monolayers experience qual and opposite spontaneous 
bending moments given by M o = kcc o, where k c is the 
curvature lastic constant of the monolayer. These intrinsic 
bending moments are a direct reflection of the components 
of the internal lateral pressure in the constituent lipid 
monolayers and of the offset in their centre of action from 
that of the hydrophobic tension at the polar/apolar inter- 
face. The functional consequences of this spontaneous 
bending moment have been demonstrated recently by the 
correlation of the ion-conducting activity of alamethicin 
channels with the intrinsic curvature of the phospholipids 
composing the host bilayer membrane [14]. 
The purpose of the present communication is to provide 
estimates for the size of the components of the lateral 
pressure in phospholipid membranes from the dimensions 
of the corresponding spontaneously formed HII phases of 
these phospholipids. Strictly, this yields values that are 
appropriate to the bilayer at a temperature immediately 
below the transition to the HII phase. The principles used 
in the calculation are those introduced in the preceding 
paragraphs. The motivation for such a study lies in the 
interpretation of experiments on the dependence of the 
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Table 1 
H Dimensions (R~¢, Ao H, dmi n) of the HH-phases of phos- 
phatidylethanolamines from X-ray diffraction measurements, and molecu- 
lar dimensions for the constituent lipids (dHc, /~h) deduced from Eqs. 2 
and 3 
H H Lipid T dmi n Ao RHw dHG /ch Ref. 
(°C) (nm) (nm 2) (nm) (nm) (nm) 
diC(12:0)PE 135 1.015 0.631 1.60 0.483 0.663 [I 1] 
diC(20:0)PE 99 1.765 0.490 2.175 0.622 1.430 [11] 
diC(18:1)PE 10 1.62 0.48 2.29 0.635 1.181 [12] 
diC(l 8:1)PE 90 1.51 0.51 1.62 0.598 1.069 [12] 
Fig. 1. Structure of the inverted hexagonal lipid phase. The minimum 
H lipid length, dmin, and the radius of the water cylinders, R~, are 
indicated. The area per lipid molecule, Ao H, is that defined at the 
lipid/water interface. The dashed circle has an area equal to that of the 
hexagonal unit cell (defined by the dashed lines) and has a radius 
Roq = (R~v + d~n) 2(-~/~. 
activity of membrane proteins on membrane lipid composi- 
tion, in particular on intrinsic curvature of the lipids as in 
the example cited above. 
The structure of the inverted hexagonal lipid phase is 
indicated schematically in Fig. 1. The thicknesses of the 
lipid headgroup and lipid chain regions are dHG and lch, 
respectively, and the radius of the water cylinders in the 
HII phase is R H. The spontaneous radius of curvature is 
then: 
Ro=RH+dI_I~ (1) 
where it is assumed that the neutral surface lies close to 
the polar/apolar interface. The headgroup thickness for 
phosphatidylethanolamines is timated from that in the 
crystal structure of dilauroylphosphatidylethanolamine 
(dDLoE = 0.79 nm), together with the measured surface 
area per lipid, Ao n, in the H .  phase: 
dHG = dDLPE ( ADLPE/Ao H) (2) 
where ADLPE = 0.386 nm 2 is the area per lipid molecule in 
the dilauroylphosphatidylethanolamine crystal [15]. Eq. 2 
allows for the effective thinning of the headgroup region 
depending on the molecular packing at the lipid/water 
interface. Because the apparent lipid chainlength varies in 
the HII phase, the thickness of the lipid chain region is 
taken to be the equivalent thickness for a uniform cylinder 
of cross-sectional rea equal to that of the hexagonal H.  
cylinders (cf., Ref. I11]): 
l ch=(dn in+RH)~/2gr3 /Tr - - (RH +duG ) (3) 
H where dmi n is the minimum lipid length (that along the line 
joining the water cylinders) in the H n phase (see Fig. 1). 
Values for the dimensions of the Hti phases of various 
phosphatidylethanolamines obtained from X-ray diffrac- 
tion measurements, and the corresponding lipid molecular 
dimensions deduced from Eqs. 2 and 3 are given in Table 
1. Data are presented for a short-chain dialkyl ipid didode- 
cylphosphatidylethanolamine, diC(12:0)PE, for a longer 
'rl'ch 
Fig. 2. Schematic indication of the balance of lateral forces in a lipid monolayer. The components of the internal lateral pressure from the lipid headgroups 
(Trno) and from the lipid chains (Trch) balance the cohesive hydrophobic tension (3'phob) which acts at the polar/apolar interface. The resultant centre of 
action of the internal lateral pressure is offset by a distance D from the polar/apolar interface, creating a spontaneous bending moment. 
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assemblies forming stable bilayers at lower temperatures, 
for which 7r~h will be reduced and 7rHo correspondingly 
increased (because of reduced chain isomerism) and there- 
fore D becomes maller (cf. Eq. 5). The fractional contri- 
bution to the internal lateral pressure from the lipid chains 
lies in the range 0.40 to 0.47, indicating that the relative 
contributions from the chain and headgroup regions of the 
lipid molecules are comparable in magnitude. The contri- 
bution from the lipid chains is greater for diC(12:0)PE 
than for diC(20:0)PE, presumably because of the effect of 
the ether chain linkage in the former which outweighs the 
effects of the shorter chainlength and is reflected also in 
the higher curvature for this lipid. The effect of chain 
unsaturation i  diC(18:I)PE cannot be deduced directly 
because comprehensive X-ray data is not available for the 
corresponding saturated-chain phosphatidylethanolamine 
and interpolation is not possible because of the dominant 
effect of the different chain linkages in diC(12:0)PE and 
diC(20:0)PE. However, the values of fch are greater than 
that for the longer chain diacyl lipid diC(20:0)PE, suggest- 
ing that a relatively greater pressure is exerted by the 
unsaturated chains. The temperature dependence for 
diC(18:I)PE is also interesting. The contribution from the 
chains appears to become somewhat more significant with 
increasing temperature, corresponding to the increased 
chain rotational isomerism. 
It should be noted that the precise values of f~h depend 
on the choice of the model taken for estimating the curva- 
ture elastic constant, k~. However, the relative values are 
unchanged by assuming some other value for k¢, within a 
reasonable range. Also, the values of the chain and head- 
group pressure components will be correspondingly scaled 
if their centres of action do not coincide with the geomet- 
ric centres, as is assumed. To obtain estimates of the 
absolute values of the components of the internal ateral 
pressure requires knowledge of the hydrophobic tension, 
]/phob (cf., Eqs. 6 and 7). Taking values of ")/phob = 35 
mN m l obtained from the transfer free energy of alkanes 
from oil to water [8], the contributions to the lateral 
pressure lie in the ranges 14-17 mNm -1 and 21-19 
mN m- i, for the lipid chains and headgroups, respectively. 
In principle, the experimentally measured shifts in the 
lamellar to inverted hexagonal transition temperature with 
lipid structure [10] may also be used to estimate the 
corresponding incremental changes in the components of 
the internal ateral pressure. From the dependence of the 
transition temperature on lipid chainlength, it can be esti- 
mated that 67rch/Zrch _<0.01 per methylene group and, 
from the dependence on headgroup structure, that 
67rHG/ZrHC = 0.02 for addition of either an N-methyl 
group or a methylene group, for dialkyl phos- 
phatidylethanolamines. These estimates depend rather sen- 
sitively on the value assumed for the free energy of the 
inverted hexagonal phase, and the relative values are likely 
to be more reliable than the absolute values. 
As already noted, functional consequences of the lateral 
pressure components in the bilayer have been demon- 
strated by the dependence of the properties of alamethicin 
ion channels on the intrinsic curvature of the bilayer lipids 
[14]. It was found that the relative occupancies, Pi+ 1/Pi of 
adjacent conductance l vels of the alamethicin ion chan- 
nels increased approximately exponentially with the spon- 
taneous curvature, co, of the membrane lipids. The mea- 
sured gradient was found to be dln(pi+l/pi) /dc o -~ 5.5 
nm. This behaviour has strong parallels with the depen- 
dence of the ratio Pi+ l/Pi for the adjacent conductance 
levels of alamethicin in bilayers subjected to a uniform 
applied tension, T [4]. In the latter case, Pi+ 1/Pi was 
found to depend exponentially on T, corresponding to the 
Boltzmann factor: 
Pi+ 1/Pi = exp ( - TAAi+ l . i /k r )  (12) 
where the increase in cross-sectional rea of the alame- 
thicin pore on transition between adjacent conductance 
levels was found to be AAi+ 1.i = 12 _+ 1 nm 2. For mem- 
branes composed of lipids with non-zero intrinsic curva- 
ture, the component monolayers are under a non-uniform 
tension arising from the frustrated spontaneous curvature. 
From the expression for the intrinsic bending moment, 
Mo = kcco = 6f-o(drm + lch), the effective tension will be 
maximally: 6T% ,-~ kcco/(dnc + Ich)" Assuming_that the 
exponential dependence on c o and hence on 6T Co corre- 
sponds also to that given by Eq. 12, the effective area 
increase in response to the frustrated spontaneous curva- 
ture is AAi+ l,i ~" 4 nm 2 (for k c --- 10 -2° J). This is smaller 
than that found for the response to a uniform external 
tension, possibly in part because of the inhomogeneous 
distribution of tension. In the latter case, the changes in 
population of the conductance states may arise solely from 
molecular earrangements of the channel pore in response 
to the internal stress and not also from changes in the 
number of alamethicin molecules incorporated into the 
membrane channels as suggested for the response to uni- 
form stress [4]. Whatever the mechanism, the correlation 
with the spontaneous curvature indicates that changes in 
the components of the internal lateral pressure via changes 
in bilayer lipid composition are capable of affecting the 
ion channel activity. 
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